Background-Transfusional therapy for thalassemia major and sickle cell disease can lead to iron deposition and damage to the heart, liver, and endocrine organs. Iron causes the MRI parameters T1, T2, and T2* to shorten in these organs, which creates a potential mechanism for iron quantification. However, because of the danger and variability of cardiac biopsy, tissue validation of cardiac iron estimates by MRI has not been performed. In this study, we demonstrate that iron produces similar T1, T2, and T2* changes in the heart and liver using a gerbil iron-overload model. Methods and Results-Twelve gerbils underwent iron dextran loading (200 mg · kg Ϫ1 · wk Ϫ1 ) from 2 to 14 weeks; 5 age-matched controls were studied as well. Animals had in vivo assessment of cardiac T2* and hepatic T2 and T2* and postmortem assessment of cardiac and hepatic T1 and T2. Relaxation measurements were performed in a clinical 1.5-T magnet and a 60-MHz nuclear magnetic resonance relaxometer. Cardiac and liver iron concentrations rose linearly with administered dose. Cardiac 1/T2*, 1/T2, and 1/T1 rose linearly with cardiac iron concentration. Liver 1/T2*, 1/T2, and 1/T1 also rose linearly, proportional to hepatic iron concentration. Liver and heart calibrations were similar on a dry-weight basis. Conclusions-MRI measurements of cardiac T2 and T2* can be used to quantify cardiac iron. The similarity of liver and cardiac iron calibration curves in the gerbil suggests that extrapolation of human liver calibration curves to heart may be a rational approximation in humans. (Circulation. 2005;112:535-543.) 
T halassemia is the most common genetic disease worldwide and is becoming an important health challenge in the United States because of increasing Asian immigration. 1, 2 Chronic blood transfusion produces progressive tissue iron loading and toxicity, which results in severe endocrine, liver, and cardiac failure. Iron chelation with deferoxamine has dramatically improved length and quality of life for thalassemia patients; however, cardiac complications remain common. 3 Long-term outcome studies have correlated liver iron concentrations and high ferritin values with subsequent risk of cardiac iron toxicity; hence, these parameters are often used as surrogates for cardiac risk. 4 -6 However, despite monitoring of the iron burden by these indices, cardiac failure and arrhythmias remain the leading cause of death in thalassemia patients. 7, 8 Cardiac function monitored conventionally remains "normal" until clinical symptoms develop, with relatively high subsequent mortality. 9 -11 Thus, sensitive techniques to assess cardiac iron load and its response to chelator therapy are critically needed to better manage thalassemia major patients.
Cardiac MRI measurements of the iron-sensitive relaxation time, T2*, show promise for identifying patients with preclinical myocardial iron overload. [12] [13] [14] Patients with low cardiac T2* have significantly greater risk of resting systolic dysfunction and need for cardiac medications than patients with T2* in the normal range. 12, 14, 15 No correlation between cardiac T2* and liver iron has been observed, which challenges the view that liver iron adequately predicts cardiac iron burden. However, some investigators have questioned whether cardiac T2* changes represent cardiac iron or instead represent changes in tissue oxygenation and blood flow. 16, 17 In humans, liver T2* correlates well with hepatic iron concentration. 12, 18 However, direct tissue validation of cardiac T2* measurements has not been performed because endomyocardial biopsy is a dangerous and unreliable indicator of cardiac iron overload. 19, 20 Therefore, the purpose of the present study was to validate T2* measurements as a metric of liver and cardiac iron in a gerbil model of iron cardiomyopathy. Iron dextran loading of the Mongolian gerbil mimics many of the functional and ECG abnormalities observed in human iron cardiomyopathy. [21] [22] [23] [24] As a secondary end point, we also investigated the magnetic relaxation parameters T1 and T2 in liver and heart. We hypothesized that myocardial 1/T2* would increase linearly with iron concentration, similar to results observed in human liver.
Methods

Animal Model
Experiments were conducted on 8-to 10-week-old bacterial-pathogen-free female gerbils purchased from Charles River Laboratories (Wilmington, Mass). Animals were housed in a pathogen-free environment monitored by a sentinel animal. Gerbils had free access to water and standard rodent diet. Animal facilities conform to the National Institutes of Health Guide for the Care and Use of Laboratory Animals. Investigations were approved by the institutional Animal Care and Use Committee at the Saban Research Institute at Children's Hospital Los Angeles. Iron overload was induced with a standard protocol 25 of weekly subcutaneous iron dextran injections (ferric hydroxide-dextran complex; Sigma Chemical Co) at 200 mg/kg per dose. Under this protocol, it takes approximately 10 to 20 weeks to achieve cardiac iron levels consistent with human autopsy values. 21, 22 ECG or functional abnormalities typically take much longer to manifest, with a median survival of Ͼ1 year. 21, 22 A total of 12 animals were iron loaded, and 5 animals served as controls. Two iron-loaded animals were imaged and killed at each of the following time points: 2, 4, 6, 8, 10, and 14 weeks. One control animal was imaged and killed at 0, 2, 4, 10, and 14 weeks. MRI reproducibility was assessed in 2 unloaded animals and 4 iron-loaded animals by performing complete MRI examinations 3 to 7 days apart.
MRI Imaging
All studies were performed on a clinical General Electric 1.5-T CVi system (General Electric Medical Systems). Custom isoflurane anesthesia delivery systems and imaging enclosures were used to anesthetize and secure the animals during imaging. Temperature was maintained through passive thermal capacitors within the enclosure. A 3-loop solenoidal coil was coupled through a custom transmitreceive switch and input to the scanner as a standard surface coil.
Cardiac T2* was measured at 6 cardiac levels with single-echo/ gradient-echo sequences that had the following parameters: effective repetition time (TR) of Ϸ650 ms (2 to 4 R-R intervals, heart rate ranges from 180 to 360 bpm depending on the depth and duration of anesthesia); echo time (TE) of 5.6, 6.5, 7.5, 9, 12, and 15 ms; number of excitationsϭ2; field of viewϭ4.5ϫ6 cm; slice thicknessϭ1 mm; 0.1-mm gap; matrixϭ128ϫ256; and bandwidthϭ16 kHz. Multiecho cardiac T2* could not be performed at the heart rates and imaging resolution necessary for gerbil imaging. Cardiac T2 was not measured in vivo because through-plane cardiac motion resulted in large artifactual signal decay from inadequate signal refocusing not present in the cardiac T2* measurements. To compensate for this deficiency, single-echo and multiecho T2 analysis was performed on fresh postmortem samples with a Bruker Minispectrometer (described below).
Liver T2* was measured with a multiphase, ungated, single-echo/ gradient-echo sequence, TRϭ25 ms, TEϭ1.9 to 5.9 ms at 0.25-ms intervals, bandwidthϭ83 kHz, slice thicknessϭ3 mm, 128ϫ128 matrix, and field of viewϭ8ϫ4 cm. Liver T2 was measured with a Hahn 90°-90°echo sequence with TRϭ300 ms; TEϭ4.5, 6, 7.5, 9, 12, 18, and 30 ms; field of viewϭ4 cm; slice thicknessϭ3 mm; matrixϭ64ϫ64; and bandwidthϭ16 kHz. The 2 liver sequences are nearly identical to the previously validated techniques used for human iron overload except that imaging parameters (including echo times) had to be scaled to gerbil dimensions. 18
Image and Processing
Cardiac T2* was assessed in 3 to 5 consecutive slices by tracing a region of interest that encompassed the interventricular septum and anterior left ventricular wall. Relative signal intensity at each TE was fit to a monoexponential function: where S(TE) is the signal intensity at echo time TE and A is the signal amplitude at a TE of zero. Equation 1 provided a simple and robust fit to the cardiac T2* data. At higher iron levels, such as in the liver, a constant offset had to be added to Equation 1 to compensate for contributions from background noise bias, digitizer offsets, and iron-poor tissues, ie:
(2) S(TE)ϭA exp (ϪTE/T2*) ϩC.
where C is a constant offset parameter and the other variables are the same as previously described. Median 1/T2* was compared with cardiac iron concentration by linear regression. The median was used instead of the mean because motion and flow artifacts occasionally produced large outliers. MRI T2 values were also calculated with Equations 1 and 2. Nuclear magnetic resonance (NMR) T1 and T2 values were generated by the Bruker relaxometer. Because the liver position does not change between echo times, a "map" of hepatic T2 and T2* was constructed by fitting Equation 2 to every pixel in the image. By tracing the whole liver outline, a histogram of 1/T2 and 1/T2* values was generated; the median of this distribution (over all slices) was compared with hepatic iron concentration by linear regression. The use of pixel-wise calculations and nonparametric statistics improved robustness to image artifacts. The standard deviation of slice-to-slice variation in median 1/T2 and 1/T2* was used to generate confidence intervals for the heart and liver iron estimates.
Tissue Processing
After imaging, animals were killed by CO 2 intoxication (standard operating procedures of the institutional Animal Care and Use Committee). Heart and liver were rapidly excised and weighed. A short-axis cross section of the heart Ϸ3 mm thick was weighed (wet) and sent for quantitative iron measurements (Mayo Medical Laboratories, Rochester, Minn). The laboratory reported total dry weight of the specimen (oven-dried) as well as iron content per dry weight of tissue. The cardiac apex was transferred to a polytetrafluoroethylene (PTFE) holder for NMR relaxometer measurements. The rest of the heart was fixed in formalin, paraffin embedded, and sectioned for histological analysis. Hematoxylin and eosin, Masson's trichrome, and Prussian blue stain were used to qualitatively assess iron deposition, cell integrity, and fibrosis. A roughly 5ϫ5ϫ5-mm liver sample was cut from the right lobe of the liver, weighed (wet), and sent for quantitative iron determination. A similar specimen was cut and transferred to a PTFE holder for NMR relaxometer measurements. The remainder of the liver was fixed in 10% formalin, embedded, sectioned, and stained as described previously.
NMR Relaxometer Studies
Tissue (heart/liver) cores were placed in a custom-milled 5/32 PTFE cylinder and sealed with plastic wrap and PTFE tape. The PTFE cylinder subsequently was positioned in an 8-mm glass NMR tube. R1, single-echo T2, and multiecho T2 measurements were performed at 37°C in a Bruker mini-spectrometer within 30 minutes of animal euthanasia. Single-echo T2 was calculated by single Hahn spin-echo techniques with 20 echo times logarithmically distributed between 2 and 60 ms. Other parameters included TR of 4 seconds (Ϸ5 times the tissue T1) and 4 excitations with phase cycling. Data were fit to a monoexponential with a Levenberg-Marquardt algorithm. T1 was measured with an inversion-recovery sequence, 4-second recycle time, and 10 inversion times arranged logarithmically up to 2 seconds. After the NMR measurements were completed, the apical heart sample was sent to the referral clinical laboratory for iron quantification.
Statistical Methods
MRI relaxation parameters 1/T2, 1/T2*, and 1/T1 were compared with assayed iron content by weighted least-squares linear regression (JMP 5.1.2,SAS). Cardiac and liver MRI measurements were weighted by slice-to-slice variability. Because the NMR measurements were collected from a single anatomic sample, T1 and T2 uncertainties were derived from the Levenberg-Marquardt fitting algorithm (Bruker Instruments). Slopes of linear regression equations were compared between liver and heart by standard techniques. 26 Paired reproducibility values were compared by Bland-Altman analysis. Median relative deviations were also reported because they were more robust with respect to outliers.
Results
Organ Iron Accumulation and Histology
Control animals had minimal detectable iron at baseline and did not accumulate iron in the liver or the heart over the 14-week study interval (Table 1 ). Organ size, organ iron content, and wet-to-dry-weight ratios also did not change over the study period. Iron dextran injections increased iron concentration and iron content linearly ( Figure 1 ). Chemically assayed heart iron concentration increased 0.078 mg/g wet wt per week (r 2 ϭ0.98); iron content paralleled this trajectory, rising 0.022 mg/wk (r 2 ϭ0.92, not shown). Similarly, assayed liver iron concentration increased 1.15 mg/g wet wt per week (r 2 ϭ0.93) over a 10-week interval, and liver iron content increased 3.82 mg/wk (r 2 ϭ0.96). From 10 to 14 weeks, liver iron concentration plateaued, but iron content increased along its prior trajectory, reflecting increased organ weight. Mean liver weight of the iron-loaded animals was increased to 3.39Ϯ0.39 g, but correlation with length of iron dextran loading was quite variable (r 2 ϭ0.30, slope Ϸ50 mg/wk). Wet-to-dry ratio was independent of iron loading for both organs, yielding 3.77Ϯ0.55 for liver and 5.07Ϯ0.51 for heart (data pooled from 5 controls and 12 iron-loaded animals).
Liver iron deposition was prominent in both sinusoidal cells and hepatocytes ( Figure 1 ). Large iron-dense multinucleated cells were evident at higher iron loads, which represented either macrophage collections or regenerating hepatocytes. Masson's trichrome staining demonstrated mild interstitial fibrosis that did not bridge portal triads (not shown). No necrosis was evident.
Cardiac iron deposition was predominantly interstitial (within the endomysium), generally sparing the myocytes themselves ( Figure 1 ). Mild interstitial fibrosis was detectable in a few animals, originating from areas of high iron concentration (not shown). No myocyte necrosis was observed; however, myocyte hypertrophy was evident at high iron concentrations. Figure 2 illustrates the effect of cardiac iron on the MRI image in age-matched control and iron-loaded animals. Images darkened with increasing echo time through T2* decay for both animals, but they darkened more rapidly in ironloaded heart tissue than in control animals. Greater signal loss was seen in the left ventricular endocardium than in the epicardium; this trend was fairly consistent at different iron loads. Average signal intensity in the septum and anterior wall declined exponentially with echo time (bottom), yielding a T2* of 33 ms in the unloaded animal and 7.7 ms in the iron-loaded animal. Figure 3 demonstrates cardiac 1/T2* as a function of cardiac iron. There was a strong linear dependence between 1/T2* and iron (r 2 ϭ0.96). All of the control animals had cardiac 1/T2* Ͻ40 Hz. Iron was detectable at 4 weeks of loading and was measurable up to cardiac iron concentrations of 1.3 mg/g wet weight (Ϸ6.6 mg/g dry weight). Ex vivo cardiac 1/T2 measurements made with the NMR relaxometer are shown in Figure 4 . 1/T2 increased linearly with cardiac iron concentration (r 2 ϭ0.94). 1/T1 also increased linearly with cardiac iron, although the relationship had greater variability (r 2 ϭ0.74).
MRI Parameters and Cardiac Iron
MRI Parameters and Liver Iron
1/T2* and 1/T2 rose linearly with hepatic iron concentration for iron values up to 7 mg/g wet weight (26.4 mg/g dry weight), as shown in Figure 5 . Above this iron level, hardware limitations (long echo times because of small imaging voxels) prevented accurate measurement of 1/T2* and 1/T2 (indicated by arrows); this phenomenon is explained in the Discussion. Liver 1/T2 was also measured, ex vivo, with the NMR relaxometer. NMR measurements have much shorter echo times, down to 2 ms in these studies, which allows characterization of the 1/T2-iron relationship to higher iron loads. Figure 6 demonstrates excellent linear fit up to a liver iron concentration of 10 mg/g wet weight (r 2 ϭ0.991). Despite major differences in measurement techniques, the MRI and spectrometer T2 measurements had excellent concordance over the range that the MRI measurements were valid (Յ7 mg/g). The magnetic relaxation parameter R1 (1/T1) was also proportional to iron load (r 2 ϭ0.966; Figure 6 ).
Comparison of Cardiac and Liver Relaxivity
The strength of the influence of iron on the MRI signal, represented by the slope of the linear relationships of Figures 3 through 6, is summarized in Table 2 ; this value is expressed on both a wet-weight and a dry-weight basis. For all 3 parameters (1/T2*, 1/T2, and 1/T1), the slope was 21% to 27% steeper in heart than in liver when calculated on a wet-weight basis. However, when calculated on a dry-weight basis, the 1/T2*, 1/T2, and 1/T1 slopes were 5% to 10% shallower in heart than in liver, which reflects the higher water content of cardiac tissue.
Reproducibility of Cardiac and Liver MRI Measurements
Reproducibility of the in vivo MRI measurements was assessed in 6 animals (2 animals with no loading, 2 animals with 2 weeks of iron dextran injections, and 2 animals with 8 weeks of iron dextran injections). Results are summarized in Table 3 . Interstudy variability for heart and liver 1/T2* measurements were Ϫ2.6Ϯ17.6% and 8.8Ϯ12.8%, respectively. Median relative differences were 11.3% and 7.2%. Liver 1/ T2 measurements were the most robust, with interstudy variability of 1.8Ϯ7.6%. Median relative difference was 4.4%. Regional variability of cardiac iron measurements was assessed by comparing assayed iron concentrations from the cardiac apex with those from the midpapillary region. Bland-Altman agreement was Ϫ4.6Ϯ12.9%, with a relative median difference of 8.6%. 
Discussion
Relationship Between Cardiac MRI and Cardiac Iron
The MRI relaxivities 1/T2*, 1/T2, and 1/T1 rose linearly with tissue iron concentration over most of the clinically relevant range in both the liver and the heart. The slopes of these relationships were 20% to 27% steeper in the heart than the liver on a physiological (wet weight) basis. Differences were not due to variation in water content. Although heart has a higher wet-to-dry ratio than liver (5.07 versus 3.82), the ratio is independent of iron load. Instead, the slope differences reflect intrinsic differences in iron susceptibility, proton mobility, or iron scale between the tissues. The magnetic susceptibility of iron may be tissue specific, because core magnetic properties of ferritin and hemosiderin vary slightly from organ to organ. 27 It is also obvious (Figure 1 ) that iron distribution and proton accessibility are different in heart and liver; this may change 1/T2 and 1/T2* independently of differences in magnetic susceptibility. Despite all of these potential disparities, the overall magnetic behavior was quite similar in both tissues, comparable to in vitro results from the thalassemia mouse model. 28 The cardiac 1/T2 values in the present study are consistent with recently reported values in a post-mortem gerbil model. 29
Possible Confounding Influences for Cardiac MRI-Iron Dependence
Many factors beside tissue iron contribute to cardiac T2*, including blood oxygenation level dependence (BOLD) changes, motion artifacts, and long-range susceptibility effects from the lungs or iron-loaded liver, as well as changes in tissue microstructure. There is little a priori reason to suspect that changes in the BOLD signal accounted for the observed 1/T2* changes. 17 Animals were asymptomatic and had a degree of iron loading that previously has not been associated with ECG abnormalities, decreased ventricular function, or exercise intolerance. 21, 22 Furthermore, BOLD effects are small (20% with maximal vasodilation) 30 compared with the 300% to 500% changes observed in cardiac 1/T2 and 1/T2* relaxivities. Cardiac motion and extrinsic susceptibility effects on 1/T2* from the air-tissue interfaces were more problematic in the gerbil than in the human because of the small geometry and large voxel sizes (compared with the anatomy). However, both in vivo and ex vivo cardiac measurements demonstrated similar dependence with iron, which makes it unlikely that decreased cardiac 1/T2* reflected remote effects from iron-loaded liver. Motion artifacts, although present, are unlikely to be correlated with iron load in the absence of cardiac dysfunction.
Although tissue microstructure and capillary density play a role in determining 1/T2* in the absence of iron, these effects were too small to explain the strong linear dependence with iron observed in the present study. Myocyte hypertrophy and interstitial fibrosis were minimal and were only observed at the highest iron loads. Furthermore, 1/T2-iron relationships have been shown to be relatively robust even in response to overt liver cirrhosis. 31
Relationship Between Cardiac Iron and Cardiac Function: A Thought Experiment
Gerbil 1/T2*-iron calibrations cannot be applied directly to humans because the species-specific differences in iron susceptibility and distribution are too large. However, close examination of Table 2 demonstrates that liver and heart 1/T2* calibration curves are within 8% of one another when calculated on a dry-weight basis. If we make the fundamental assumption that the same property is true in humans, then human liver 1/T2*iron dry-weight calibration could be used as a first approximation to human heart 1/T2*-iron dry-weight calibration. The equation for this relationship is as follows:
(3)
[Fe] dry ϭ(1/T2*Ϫ1/T2 0 *)/k dry , where T2* is the observed cardiac T2*, T2 0 * represents cardiac T2* in the absence of iron, [Fe] dry is the estimated dry-weight cardiac iron concentration, and k dry is the proportionality constant derived from human liver. T2 0 * is 35.7 ms in our laboratory. 14 The slope, k dry , has been estimated at 37.4 Hz · mg Ϫ1 · g dry weight Ϫ1 and was derived over a range of liver iron varying from 1.4 to 32.9 mg/g dry weight. 18 Given Equation 3, we can now look at the relationship between cardiac function and estimated iron content in previously published work. Figure 7 demonstrates the relationship between left ventricular ejection fraction and cardiac T2* reported by Anderson et al in 2001. 12 Ejection fraction is normal in all patients with T2* Ͼ20 ms, but the probability of ventricular dysfunction increases as T2* decreases, particularly when T2* is Ͻ10 ms. The bold line represents the estimated cardiac iron concentration from Equation 3; iron values are displayed on the right axis. Estimated iron rises steeply for T2* Ͻ10 ms, corresponding visually with the increased relative risk of cardiac dysfunction at low T2*. Cardiac T2* values in the 2-to 15-ms range predict cardiac iron contents between 1 and 9.6 mg/g, closely matching assayed iron contents observed in autopsy studies of iron cardiomyopathy patients. 32, 33 Although only a "thought experiment," Equation 3 predicts qualitatively and quantitatively sensible cardiac iron levels.
Lessons From Liver Iron Studies, Relevance to Heart Measurements
The liver imaging performed in the present study highlights important points for cardiac iron detection/estimation. In particular, we demonstrate 4 key points: (1) the importance of short minimum echo times, (2) high concordance between in vivo 1/T2 and in vitro 1/T2 measurements, (3) the intrinsic nonlinearity of 1/T2, and (4) changes in 1/T1 with iron. Figure 5 graphically demonstrates the importance of having short minimum echo times. Both 1/T2 and 1/T2* rise Figure 5 . Left, MRI-measured 1/T2* as function of hepatic iron content (HIC). 1/T2* rises linearly with HIC but is also limited to HICs Ͻ7 mg/g from inadequate echo sampling. Simple regression line and its 95% CIs over valid range are shown (r 2 ϭ0.904). Right, MRI-measured 1/T2 vs assayed HIC, reported in mg/g wet weight. 1/T2 rises linearly with HIC up to liver iron concentrations of 7 mg/g wet weight (27 mg/g dry weight). MRI could not accurately estimate 1/T2 values greater than this because hardware limitations prevented adequate echo sampling. Simple regression line and its 95% CIs over the valid range are shown (r 2 ϭ0.959).
Figure 6.
Left, 1/T2 as function of hepatic iron content (HIC), measured postmortem with NMR relaxometer. NMR 1/T2 values have been linearly scaled to account for small difference in magnetic field strength (1.42 T versus 1.5 T). Individual error bars indicate 95% CIs generated by NMR relaxometer fitting algorithm. NMR values (solid dots) demonstrate good agreement with valid MRI measurements (plus signs, redrawn from Figure 5 ). NMR spectrometer was not limited by echo spacing; hence, 1/T2 rises linearly for greater range of liver iron (up to 10 mg/g wet weight). Simple regression line over this interval and its 95% CI are shown (r 2 ϭ0.991). 1/T2-iron relationship does flatten somewhat for HICs Ͼ10 mg/g; this phenomenon occurs despite adequate echo sampling and has been described in humans. 37 Right, 1/T1 as function of HIC. Simple regression line and its 95% CIs are shown (r 2 ϭ0.966).
linearly with iron for low iron loads, followed by an abrupt plateau. The explanation for this effect is quite simple. For any average iron level, the MRI signal contains contributions from relatively iron-rich and iron-poor areas (coefficient of variation is Ϸ30% 18, 34 ). If the first echo occurs quickly, the MRI signal will accurately reflect "average" iron content because both iron-rich and iron-poor tissues will contribute to the signal-decay curves. If the first echo time occurs too late, MRI signal from the relatively iron-rich areas will have decayed away completely, as though they were not even present. The "observed" signal-decay curve will therefore only reflect iron concentration of the relatively iron-poor tissues. As a rule of thumb, MRI estimation of T2 and T2* begins to break down once the minimum echo time is longer than the T2 or T2* by Ϸ20%, although the transition point also depends on iron distribution. That corresponds to a 1/T2* value of 631 Hz and a 1/T2 value of 263 Hz in liver ( Figure  5 ) and to a 1/T2* of 214 Hz in heart (Figure 3 ). This phenomenon also can be observed in early human studies (Figure 7 , minimum echo time 5.6 ms). Minimum echo times for human T2* imaging should therefore be 2 ms or less to avoid underestimating cardiac iron content. 35, 36 The excellent agreement between in vivo MRI 1/T2 measurements and ex vivo NMR 1/T2 measurements is quite reassuring ( Figure 6 ). Despite the constraints and compromises that must be performed on a clinical scanner to obtain T2 estimates, the in vivo MRI appears to be measuring intrinsic tissue properties. Hardware and software differences among clinical MRI manufacturers and pulse sequences are much smaller than those between our clinical scanner and NMR relaxometer. Therefore, one would expect 1/T2-iron calibrations to be robust to the choice of MRI manufacturer. 37 Initial studies of interscanner robustness for T2* measurements are encouraging but less thoroughly evaluated. 36 Recent work in humans suggests that 1/T2 may actually have a curved rather than a linear relationship with liver iron concentration. 37 The NMR relaxometer measurements for liver support that hypothesis ( Figure 6 ). This curvilinearity is neither a measurement artifact (minimum echo time of 2 ms is adequate) nor does it represent any changes in weight-to-dry-weight ratio. The most likely explanation is an increase in the size of iron deposits at high iron load. T2 is less sensitive to large magnetic inhomogeneities than smaller ones. 38, 39 However, 1/T2 nonlinearity is probably not apparent in cardiac iron measurement because cardiac iron levels cover less than one sixth the range of liver iron concentrations (Ͻ10 mg/g dry weight). Hence, the linear rise of cardiac 1/T2 and 1/T2* appears to be a reasonable approximation (Figures 3 and 4) .
Finally, we demonstrated detectable T1 changes with iron for both liver and heart tissue. T1 changes require direct interaction of water protons with iron moieties; purely "sequestered" iron species such as iron beads have minimal T1 relaxation. The effects are small relative to T2 and T2* changes but may confound attempts to use signal-intensity ratios as metrics of cardiac and liver iron content. 40 Because T1 is more difficult to measure in vivo and has greater variability at low iron concentrations, it is not a good single candidate for iron estimation. However, T1 techniques could potentially be helpful at very high liver iron loads.
Study Limitations
Although these experiments demonstrate the fundamental role of iron in mediating cardiac T2 and T2* changes, there are inherent limitations in the extrapolations to humans. Although iron dextran-loaded gerbils exhibit many of the functional and electrophysiological characteristics of human iron cardiomyopathy, [21] [22] [23] [24] including comparable "lethal" cardiac iron levels, they exhibit significantly more interstitial iron deposition than in human disease, a typical finding in rodent models. 41, 42 Changes in iron deposition at the cellular scale will influence the relative strength of T2 and T2* changes. T2* is significantly more robust to changes in intercellular and intracellular iron distribution than T2 because the proton-iron interactions responsible for T2* relaxation are longer in range than for T2 relaxation. 38, 39 However, the similarity of T2 and T2* curves in the liver and heart, despite large differences in iron distribution 
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and histology between this tissues, suggests that the influence of iron distribution is subtle. A second limitation is the difference in imaging scale between gerbils and humans. Although T2 measurements are independent of imaging voxel size, the strength of the 1/T2*-iron relationship can increase with increasing slice thickness. Because human T2* studies typically use 7-foldthicker slices, one might postulate larger T2* changes in humans for the same amount of iron. However, we do not claim that gerbil cardiac T2* calibration curves can be extrapolated to humans, only that human cardiac T2* measurements also likely reflect cardiac iron.
A third limitation was hardware constraints imposed by using a clinical scanner for animal imaging. Clinical gradient sets, when forced to image at submillimeter resolution, do not allow the ultra-short echo times necessary to accurately measure very high iron concentrations and accounted for the smaller "dynamic range" of iron in these gerbil studies than we can image in humans. 18 Nonetheless, we were able to accurately estimate liver iron up to 26 mg/g dry weight and heart iron up to 6.8 mg/g dry weight, which represents clinically relevant iron burdens. Lethal cardiac iron levels ranged from 1.0 to 9.6 mg/g in one study 32 and from 0.4 to 7.4 mg/g in another. 33 Liver iron levels Ͼ15 mg/g are considered to be "cardiotoxic." 4, 5 Although a dedicated animal scanner would offer better signal-to-noise ratio and faster gradients, these systems operate at higher field strength than 1.5T. Higher field strength would have 3 undesirable effects. First, it would steepen the 1/T2 and 1/T2* versus iron relationship, thereby offsetting the gains achieved by faster gradients. 43 Second, the susceptibility and flow artifacts would be proportionately larger and of longer range. We suspect that these artifacts would greatly confound measurements of the in vivo cardiac 1/T2*-iron relationship at high fields. Third, it would be less representative of clinical 1/T2* imaging, because the vast majority of imaging systems worldwide are performed at 1.5 T or lower.
Summary
In summary, cardiac 1/T2* and 1/T2 rise linearly with cardiac iron in the gerbil. Iron causes similar MRI changes in gerbil heart and liver. Extrapolation of human dry-weight liver calibration curves directly to human heart produces qualitatively and quantitatively sensible heart iron estimates. Regardless of absolute calibration, these data support cardiac MRI as a technique to evaluate relative cardiac iron in humans. Further clinical studies are necessary to better define the prognostic value of cardiac MRI measurements with respect to therapeutic management and outcome.
